Introduction
============

Seeds accumulate large amounts of storage proteins during seed development, which will later be utilized to provide nutrients during seed germination and seedling growth ([@bib3]). The precursors of these storage proteins are synthesized at the endoplasmic reticulum (ER), and their mature forms are deposited in specialized compartments termed protein storage vacuoles (PSVs; [@bib35]; [@bib44]). Within the seed, they are present in the embryo as well as in the aleurone layer ([@bib2]). The PSV is unique to plants, and no equivalent organelle is present in animals and yeast ([@bib18], [@bib17]; Wang *et al.*, 2009*b*). PSVs have a nearly pH-neutral lumen suitable for protein storage and are surrounded by limiting membrane marked by the presence of α-tonoplast intrinsic protein (TIP) ([@bib16]; [@bib17]). Interestingly, PSVs are not restricted to developing seed tissue, but also occur in cells at the tips of primary roots in young germinating seedlings ([@bib36]; [@bib65]).

In legumes, the PSV appears to form *de novo* and replaces the pre-existing lytic-type vacuoles in an autophagic-like manner ([@bib14]). The major storage proteins in legumes are 7/8S and 11S globulins ([@bib3]), and these are transported as trimers from the ER to the Golgi apparatus where they begin to aggregate at the periphery of the *cis*-cisternae ([@bib35]; [@bib11]; [@bib55]). This condensation-based sorting leads to the formation of so-called 'dense vesicles' (DVs) which are released from the *trans*-Golgi network (TGN) after being carried through the stack as a consequence of cisternal maturation ([@bib15]; [@bib11]). Established for developing rice (*Oryza sativa*) endosperm ([@bib22]), faba bean (*Vicia faba*) ([@bib68]), and pea (*Pisum sativum*) cotyledons ([@bib15]; [@bib13]), the DV pathway has in the meantime been seen to operate in seeds, such as soybean (*Glycine max*) ([@bib34]), as well as in *Arabidopsis thaliana* ([@bib37]; [@bib12]). It describes a *cis*-Golgi-based protein sorting mechanism that is unique to plants ([@bib43]; [@bib46]; [@bib11]; [@bib12]), since it appears to involve a *cis*-driven condensation of cargo proteins, an event normally occurring at the TGN in mammalian cells exhibiting regulated secretion ([@bib7]). Although these morphology-based results have now been supported by differential mutational analysis of the function of post-Golgi SNAREs and coat proteins ([@bib47]; [@bib9]; [@bib67]; [@bib10]), the mechanism underlying the sorting of globulins into DVs remains obscure, as is the function of the two vacuolar sorting receptor families in plants for DV formation ([@bib5]; [@bib64]; [@bib6]; [@bib56]; [@bib67]; [@bib40]; [@bib58]; [@bib66]).

There is genetic and biochemical evidence that both BP-80-type receptors ([@bib50], [@bib49]; [@bib24]; [@bib31]; [@bib66]) and RMR-type receptors (receptor homology transmembrane-RING H2 domain) ([@bib39], [@bib38]; Wang *et al.*, 2011*a*) may interact with storage proteins. [@bib12] who investigated the relative distribution of these two types of vacuolar sorting receptors in relation to the major storage globulin cruciferin in the Golgi apparatus of developing *Arabidopsis* embryos demonstrated that formation of DVs precedes the recruitment of vacuolar sorting receptors (VSRs) to the DV. In contrast, the RMR receptor and cruciferin co-localized to the *cis*-cisternae where DVs are formed.

Not only DV formation but also post-Golgi trafficking of storage globulins to the PSV remains somewhat unclear. In pea ([@bib43]) as well as in *Arabidopsis* ([@bib37]; [@bib12]). DVs appear to fuse to form a pre-vacuolar compartment (PVC), which may also receive non-storage proteins such as proteases via a second, clathrin-coated vesicle-mediated pathway ([@bib37]). The question therefore arises of whether these PVCs, although morphologically different, might resemble multivesicular bodies (MVBs) which are the equivalent of the late endosome in plants ([@bib33]; [@bib45]; [@bib52]; [@bib4]). Recently, Otegui and co-workers ([@bib41]) have identified two distinct populations of MVBs in aleurone cells of developing maize (*Zea mays*) seeds, with one population receiving proteins directly from the ER, presumably via an autophagy-related pathway.

The situation has now been reinvestigated during the development of the mung bean (*Vigna radiata*) seed, using a highly specific antibody generated against an 8S globulin. It has been possible to detect non-aggregated 8S globulins in MVBs at early stages \[8 days after flowering (DAF)\] of cotyledon development, where neither DVs nor a PSV were recognizable. At later stages (16 DAF) of cotyledon development condensed globulins were visible in both DVs and MVBs. However, the MVBs revealed a novel form of partitioning, with the internal vesicles being pushed to one sector of this organelle. MVBs at this stage of development were no longer sensitive to wortmannin. Nevertheless, it is shown that wortmannin induces DVs to aggregate and subsequently to fuse with the plasma membrane (PM).

Materials and methods
=====================

Plant materials
---------------

Mung bean seeds were planted in pots in the greenhouse of the Department of Biology, CUHK. Cotyledons of developing mung bean were used for protein extraction and sample preparation for laser confocal microscopy or transmission electron microscopy (TEM).

Isolation and purification of 8S globulin
-----------------------------------------

Total proteins were isolated from 16 DAF developing mung bean cotyledons as described previously ([@bib62], 2009*a*, *b*), followed by separation via 10% SDS--PAGE. Protein bands were visualized via Coomassie Bright Blue staining. The gel slice corresponding to 8S globulin was cut out and further ground to fine powder in liquid nitrogen, followed by the addition of protein extraction solution (50 mM TRIS-HCl, pH 7.4 containing 150 mM NaCl, 1 mM EDTA, 0.1 mM phenylmethylsulphonyl fluoride, and 5 mg ml^−1^ leupeptin) to release proteins. The supernatant containing 8S globulin was then recovered from the gel mixtures by centrifugation. Furthermore, the purity and yield of isolated 8S globulin was examined via SDS--PAGE.

Antibodies
----------

Generation of 8S globulin antibody was as follows: purified 8S globulin was injected into rabbits and serum was collected by centrifugation. Affinity column-purified 8S globulin antibodies were obtained by passing serum through a 8S globulin column. Polyclonal VSRat-1 and Rha1 antibodies have been previously described ([@bib27]; [@bib54]). Immunoblotting analysis was performed with various antibodies at 4 mg ml^−1^ as described previously ([@bib54]; J. [@bib58]; [@bib48]; Wang *et al.*, 2011*b*).

Confocal immunofluorescence studies
-----------------------------------

Fixation and preparation of tissues from cotyledons of developing mung bean for paraffin-embedded sections, and their labelling and analysis by confocal immunofluorescence have been described previously ([@bib19]; [@bib18]; [@bib28]). Cotyledons were cut into small cubes, followed by incubation in fixation solution containing 10% (v/v) formaldehyde, 50% (v/v) ethanol, and 5% (v/v) acetic acid for 24 h. The dehydration and infiltration of samples were performed with the Enclosed Tissue Processor Leica TP-1050 (Leica Microsystem Ltd), followed by sample embedding in paraffin blocks. Thin paraffin-embedded sections were sequentially de-paraffinized in 100% (v/v) xylene, 100% (v/v) ethanol, 90% (v/v) ethanol, 80% (v/v) ethanol, 70% (v/v) ethanol, 50% (v/v) ethanol, 30% (v/v) ethanol, and ddH~2~O for 2 min each step. The de-paraffinized sections were used for immunolabelling with anti-8S globulin antibodies at 2 μg ml^−1^. For single labelling, de-paraffinized sections were blocked in 5% (w/v) milk overnight, followed by washing with PBST (phosphate-buffered saline--Tween-20) for 2× 10 min. Samples on slides were circled using a pad pen before washing with PBST containing 1% (w/v) bovine serum albumin (BSA). Sections were incubated with primary antibody for 3--4 h, followed by washing with PBST for 3× 10 min. Sections were then incubated with fluorescein isothiocyanate (FITC)-conjugated secondary antibody (1:100) for 1 h, followed by washing with PBST for 1 h. The slide was blotted dry before Mowiol was added to the samples. After the slide was covered by a cover slip, samples were then examined with a confocal microscope (Bio-Rad Radiance 2100 system, Hemel Hempstead, UK). Images were processed using Adobe PhotoShop software (San Jose, CA, USA).

Electron microscopy studies
---------------------------

The general procedures for conventional ultrathin sectioning of chemically fixed samples of mung bean were performed essentially as described previously ([@bib42]; [@bib62]). Preparation of high-pressure freezing/frozen substituted samples of mung bean has been described previously ([@bib62], 2009*a*, *b*). For the preparation of brefeldin A- (BFA) and wortmannin-treated samples of mung bean, mung bean seeds at 8 DAF and 16 DAF were cut across into two halves with a sharp blade, followed by their cut surfaces being immersed in MS (Murashige and Skoog) medium containing BFA (10 μg ml^−1^) or wortmannin (33 μM) for 2 h at room temperature. Subsequently, thin sections cut with a razor blade from the surfaces of the mung bean cotyledons were frozen in a high-pressure freezing apparatus (EMP2, Leica, Bensheim, Germany). Substitution was carried out in dry acetone containing 0.1% uranyl acetate at --85 °C in an AFS freeze-substitution unit (Leica, Wetzlar, Germany). Infiltration with HM20, embedding, and UV polymerization were performed stepwise at --35 °C. The single immunogold labelling on ultrathin sections with anti-VSR~At-1~ (40 μg ml^−1^), anti-Rha1 (40 μg ml^−1^), or anti-8S globulin (10 μg ml^−1^) was performed using standard procedures ([@bib54], [@bib53]; [@bib24]).

For double immunogold labelling, sections were first blocked by floating on 3% (w/v) BSA for 20 min on solution before being incubated with the first primary antibody for 2 h. Sections were washed with 1% (w/v) BSA for 10 min three times, followed by incubation with the first secondary antibody conjugated to immunogold for 1 h. Sections were then washed with 1% (w/v) BSA and ddH~2~O for 5 min twice each before post-fixation with 1% (v/v) glutaraldehyde in 1× PBS for 10 min. Sections were washed with 1× PBS, followed by blocking with 0.02% (w/v) glycine in 1× PBS for 10 min. Sections were washed with 1× PBS for 10 min three times before incubation with the second primary antibody for 2 h. Sections were washed with 1% (w/v) BSA for 10 min three times, followed by incubation with the second secondary antibody conjugated to immunogold for 1 h. Sections were washed with 1% (w/v) BSA and ddH~2~O for 5 min twice each, followed by post-staining with aqueous uranyl acetate/lead citrate, prior to TEM examination using a Hitachi H-7650 transmission electron microscope with a CCD camera (Hitachi High-Technologies Corporation, Japan) operating at 80 kV.

Results
=======

Characterization of storage protein synthesis in developing mung bean
---------------------------------------------------------------------

In mature mung bean seeds, the major storage protein is an 8S globulin ([@bib1]). In order to detect and visualize this storage protein during seed development, a rabbit polyclonal antiserum was raised against purified 8S globulins ([Fig. 1A](#fig1){ref-type="fig"}, lanes 1 and 2). The specificity of the 8S globulin antibodies was then analysed by western blotting of the total proteins extracted from mung bean seeds. A single band was detected in the western blot, indicating the high specificity of the 8S globulin antibodies ([Fig. 1A](#fig1){ref-type="fig"}, lane 3). In order to chart the time course of storage protein synthesis during cotyledon development, seeds were collected at different DAF and processed for western blotting using different antibodies, including the 8S globulin antiserum.

![Generation and characterization of 8S globulin antibodies in developing mung bean seeds. (A) Generation of 8S globulin antibodies. 8S globulin proteins (lane 2) were purified from the total protein extracts of developing mung bean cotyledons (lane 1) and used as antigens for rabbit injection. 8S globulin antibodies were purified by an affinity column coupled with the 8S globulin proteins for western blot analysis that recognized 8S globulin specifically (lane 3). (B) Protein profiles during mung bean seed development and maturation. Total proteins were extracted from mung bean cotyledons at different developmental stages (days after flowering, DAF), followed by protein separation via SDS--PAGE and western blot analysis using various antibodies as indicated. The detected protein bands with their expected sizes in kDa are shown. An asterisk indicates the weak protein band at 8 DAF as detected by anti-8S glubulin. (C) Subcellular localization of 8S globulin. (Panels 1--4) Developing and mature mung bean cotyledons were fixed and labelled with anti-8S globulin antibodies. Images were collected with a confocal microscope. (Panel 5) Ultrathin sections prepared from high-pressure frozen/freeze-substituted mung bean cotyledons (at 16 DAF) were labelled with 8S globulin antibodies. The inserted image in panel 5 is an enlarged image of the indicated area showing the gold particle labelling. n, nucleus; PSV, protein storage vacuole; s, starch. Scale bars are included as indicated. (This figure is available in colour at *JXB* online.)](jexboterr366f01_3c){#fig1}

As shown in [Fig. 1B, 8S](#fig1 fig8){ref-type="fig"} globulins were first detected in western blots with a weak signal at ∼8 DAF, followed by a steep increase at ∼10--12 DAF and further accumulated with seed development ([Fig. 1B](#fig1){ref-type="fig"}). Concomitant with this huge level of expression of luminal cargo protein, the levels of the ER-located chaperone protein, BiP, increased accordingly to ensure correct protein folding ([Fig. 1B](#fig1){ref-type="fig"}). A similar increase in the amounts of the characteristic marker protein for PSVs, α-TIP, was also observed. Conversely, the levels of γ-TIP, a marker of lytic vacuoles, declined rapidly and was no longer detectable after 10 DAF, indicating that the lytic vacuoles were gradually disappearing and being replaced by the PSVs to accommodate the storage proteins ([Fig. 1B](#fig1){ref-type="fig"}). VSR proteins were present throughout cotyledon development, proportionately more being detectable in the earlier stages of development ([Fig. 1B](#fig1){ref-type="fig"}).

Confocal immunofluorescence microscopy was performed on sections cut from different stages in cotyledon development in order to monitor for storage protein deposition at the organelle level. Small 8S globulin-positive punctae were visible at intermediate stages of cotyledon development (16 DAF) ([Fig. 1C](#fig1){ref-type="fig"}, panel 1). These became larger and more frequent at later stages ([Fig. 1C](#fig1){ref-type="fig"}, panel 3). Such accumulations of 8S globulin in PSVs were also confirmed by immunogold electron microscopy (IEM) using anti-8S globulin antibodies and 16 DAF cotyledons in which dense gold labelling over the electron-opaque contents of PSVs was observed ([Fig. 1C](#fig1){ref-type="fig"}, panel 5).

Multivesicular pre-vacuolar compartments alter in morphology during seed development
------------------------------------------------------------------------------------

At the stages of cotyledon development when storage globulin synthesis was just beginning (8 DAF) typical MVBs were present ([Fig. 2](#fig2){ref-type="fig"}, panel 1). During the stage of maximal storage globulin deposition, similarly sized structures were observed which were partially filled with aggregates of storage globulins ([Fig. 2](#fig2){ref-type="fig"}, panel 2). Interestingly, the MVBs in 8 DAF cotyledons were labelled strongly with both the 8S globulin antibody and VSR antibodies ([Fig. 3](#fig3){ref-type="fig"}, panels 1--3). At 16 DAF, the PVCs also labelled positively with both antibodies, but a stratified distribution was visible ([Fig. 4](#fig4){ref-type="fig"}, panels 1 and 2). The electron-opaque sector labelled intensely with the 8S globulin antibody, but was nearly absent over the lighter, less-dense sector, which upon closer inspection contained small vesicles. This was better seen in chemically fixed samples than in cryofixed specimens ([Fig. 5](#fig5){ref-type="fig"}, panel 1). Conversely, labelling with the VSR antibody was conspicuously restricted to the sector with the internal vesicles ([Table 1](#tbl1){ref-type="table"}; [Fig. 4](#fig4){ref-type="fig"}, panels 5 and 6).

###### 

Distribution of gold particles (GPs) on novel storage PVCs

  Antibody           No. (%) of GPs in protein aggregate area   No. (%) of GPs in internal vesicle area   Total organelles   Total GPs
  ------------------ ------------------------------------------ ----------------------------------------- ------------------ -----------
  Anti-8S globulin   1320 (95%)                                 70 (5%)                                   20                 1390
  Anti-VSR           26 (24.7%)                                 79 (75.3%)                                20                 105

![Ultrastructural analysis of the developing mung bean seeds. Developing mung bean cotyledons at 8 DAF and 16 DAF were collected, osmium fixed, and embedded in Spurr's resin. Panel 1 shows MVBs and the vacuole (V) at 8 DAF, while panel 2 shows a PSV and distinct MVBs at 16 DAF. DAF, days after flowering; V, vacuole; PSV, protein storage vacuole. Scale bars are included as indicated.](jexboterr366f02_ht){#fig2}

![IEM analysis of MVBs of 8 DAF developing mung bean seeds. Developing mung bean cotyledons at 8 DAF were collected, high-pressure frozen/freeze-substituted, and embedded in HM20. Ultrathin sections were then prepared, followed by IEM analysis using 8S globulin and VSR antibodies as indicated. Panels 1--3, MVBs labelled with anti-8S globulin and anti-VSR in untreated cells. Panels 4 and 5, samples treated with wortmannin. Panel 6, sample treated with BFA. VSR, vacuolar sorting receptor; V, vacuole; Wort, wortmannin; BFA, brefeldin A. Scale bars are included as indicated.](jexboterr366f03_ht){#fig3}

![IEM analysis of distinct MVBs of 16 DAF developing mung bean seeds. Developing mung bean cotyledons at 16 DAF were collected, high-pressure frozen/freeze-substituted, and embedded in HM20. Ultrathin sections were then prepared, followed by IEM analysis using 8S globulin and VSR antibodies as indicated. Panel 1, an overview of labelling of anti-8S globulin on various organelles including the Golgi (GA), PSV, and the distinct MVB (also shown in panel 2). Panels 3 and 4, the 8S globulin-positive distinct MVBs in samples treated with wortmannin and BFA, respectively. Panels 5 and 6, distinct MVBs labelled with anti-VSR (panel 5) and double-labelled with anti-8S globulin and anti-VSR (panel 6). VSR, vacuolar sorting receptor; GA, Golgi apparatus; Mt, mitochondrion; PSV, protein storage vacuole; Wort, wortmannin; BFA, brefeldin A. Scale bars are included as indicated.](jexboterr366f04_ht){#fig4}

![Ultrastructural analysis of the distinct MVBs in 16 DAF developing mung bean seeds. Developing mung bean cotyledons at 16 DAF were collected, followed by either chemical fixation (panel 1) or high-pressure frozen/freeze-substitution (HPF) (panel 2) for structural EM analysis. Scale bars are included as indicated.](jexboterr366f05_ht){#fig5}

A Rha1 antibody was used to characterize the MVBs/PVCs further in developing mung bean cotyledons. Rha1 was previously reported to localize to PVCs in *Arabidopsis* cells and plays a crucial role in mediating the transport of soluble cargo proteins to the vacuole ([@bib51]; [@bib27]). In this study, Rha1 was found to localize to these two types of MVBs/PVCs in both 8 DAF and 16 DAF developing mung bean cotyledon using IEM ([Fig. 6](#fig6){ref-type="fig"}).

![IEM analysis of MVBs in developing mung bean seeds using anti-Rha1 antibody. Developing mung bean cotyledons at 8 DAF and 16 DAF were collected, high-pressure frozen/freeze-substituted, and embedded in HM20. Ultrathin sections were then prepared, followed by IEM analysis using anti-Rha1 antibodies as indicated. Panels 1 and 2, Rha1-positive MVBs in 8 DAF mung bean cotyledons. Panels 3--6, distinct MVBs labelled with anti-Rha1 antibody in 16 DAF mung bean cotyledons. Scale bars are included as indicated.](jexboterr366f06_ht){#fig6}

The two types of multivesicular PVCs differed in their response to wortmannin. This phosphatidylinositol 3-kinase (PI 3-kinase) inhibitor is well known to cause the enlargement of MVBs/PVCs ([@bib54]; [@bib32]; [@bib23]), probably through homotypic fusion (Wang *et al.*, 2009*a*), and does so for the MVBs in 8 DAF cotyledons ([Table 2](#tbl2){ref-type="table"}; [Fig. 3](#fig3){ref-type="fig"}, panels 4 and 5; [Supplementary Fig. S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err366/-/DC1) available at *JXB* online). In contrast, MVBs containing the storage globulin in 16 DAF cotyledons showed no alteration in morphology after wortmannin treatment ([Table 2](#tbl2){ref-type="table"}; [Fig. 4](#fig4){ref-type="fig"}, panel 3). This seeming insensitivity to wortmannin was not due to a loss of wortmannin activity through inactivation or insufficient uptake, since there was indeed a wortmanin effect visible. In addition, control experiments with BFA treatment did not alter the morphology of these two types of multivesicular PVCs ([Fig. 3](#fig3){ref-type="fig"}, panel 6; [Fig. 4](#fig4){ref-type="fig"}, panel 4).

###### 

Effect of wortmannin treatment on the size of MVBs/PVCs in 8 DAF and16 DAF developing mung bean cotyledons

  Organelle             Wortmannin   Average size (diameter, nm)   Standard deviation of organelle size   No. of organelles counted
  --------------------- ------------ ----------------------------- -------------------------------------- ---------------------------
  MVBs/PVCs in 8 DAF    Untreated    350\*\*                       71                                     30
                        Treated      1101\*\*                      294                                    30
  MVBs/PVCs in 16 DAF   Untreated    349^NS^                       40                                     32
                        Treated      344^NS^                       45                                     32

Significant differences between wortmannin-untreated and treated MVBs/PVCs were analysed using two-tailed paired *t*-test (\*\**P* \< 0.001; NS, non-significant). Data were collected and analysed from three independent experiments.

Strikingly, the distribution of a VSR homologue across the MVB/PVC differs with respect to the developmental stage: Whereas in 8 DAF, the VSR1 is localized at the outer membrane, in 16 DAF the VSR1 was mainly found on internal vesicles (found both at the outer membrane and on the internal vesicles) ([Table 3](#tbl3){ref-type="table"}). In contrast, in the developing *Arabidopsis* embryo the VSR1 was still mainly localized on the outer membrane of storage PVCs ([Supplementary Fig. S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err366/-/DC1) at *JXB* online).

###### 

Distribution of immunogold VSRs across MVBs/PVCs in developing mung bean

  Samples   No. (%) of GPs inside MVBs/PVCs   No. (%) of GPs on MVB/PVC membrane   Total organelles   Total GPs
  --------- --------------------------------- ------------------------------------ ------------------ -----------
  8 DAF     20 (18.5%)                        88 (81.5%)                           20                 108
  16 DAF    77 (73.3%)                        28 (26.7%)                           20                 105

DVs are first recognizable after 10 DAF, but 8S globulins are detectable in the Golgi apparatus earlier in development
----------------------------------------------------------------------------------------------------------------------

Because of their osmophilicity, DVs are best recognizable in chemically fixed samples. In such specimens, DVs were first identified in 10 DAF cotyledons ([Fig. 7](#fig7){ref-type="fig"} compare panels 1 and 2), and were easily found in cotyledonary cells at later stages ([Fig. 7](#fig7){ref-type="fig"}, panels 3 and 4). As previously recorded for DVs in pea ([@bib15]) and *Arabidopsis* cotyledons ([@bib12]), the DVs in bean were frequently observed to have a clathrin-type coat at the level of the TGN/early endosome (see arrows in [Fig. 7](#fig7){ref-type="fig"}, panels 2 and 3). IEM was performed with 8S globulin antibodies on sections from 8 DAF and 16 DAF cryofixed cotyledons, and a positive labelling for Golgi stacks was obtained in both samples. As in the western blots ([Fig. 1B](#fig1){ref-type="fig"}), the labelling density across the stack sharply increased from 8 DAF with, on average, 2.5 gold dots per Golgi stack to up to 11.3 gold dots per stack at 16 DAF. The majority of the gold label in the 16 DAF samples was associated with DVs ([Fig. 7](#fig7){ref-type="fig"}, panels 7 and 8). The labelling displayed a gradient across the stack, with the strongest label in the *cis*-half and the rim of the stack ([Table 4](#tbl4){ref-type="table"}). In 8 DAF stacks, in contrast, the gradient of 8S globulin labelling was less steep ([Table 4](#tbl4){ref-type="table"}). No DVs were visible at 8 DAF. Thus, DV formation seems to be correlated with the strong increase in expression of 8S globulin. Furthermore, the sorting of 8S globulin in 8 DAF cotyledons seems to occur independently of DV formation.

###### 

Distribution of 8S globulin across Golgi stacks of cotyledons of 8 DAF and 16 DAF developing mung bean

  Development stage   *cis* to *trans*   Rim--Cisternae                              
  ------------------- ------------------ ---------------- ------------ ------------- -------------
  8 DAF               50 (40.7%)         38 (30.1%)       35 (29.2%)   81 (65.9%)    42 (34.1%)
  16DAF               409 (62.6%)        187 (28.6%)      57 (8.8%)    510 (78.1%)   143 (21.9%)

A total numbers of 50 and 58 Golgi stacks from 8 DAF and 16 DAF, respectively were counted for the presence of gold particles.

![Ultrastructural and IEM analysis of Golgi and dense vesicles (DVs) in developing mung bean seeds. Structural EM analysis. Developing mung bean cotyledons at various stages (8--16 DAF) as indicated were collected, followed by chemical fixation for structural EM analysis. (Panels 1--4) The arrows in panels 2 and 3 point to clathrin caps at the DV (see the Results). IEM analysis. Developing mung bean cotyledons at various stages (8 DAF and 16 DAF) as indicated were collected, followed by high-pressure frozen/freeze-substitution (HPF) and IEM labelling using 8S globulin antibodies as indicated. Scale bars=200 nm.](jexboterr366f07_ht){#fig7}

The 8S globulin-positive DVs of wortmannin-treated cotyledons at 16 DAF in both high-pressure frozen ([Fig. 8](#fig8){ref-type="fig"}, panels 1--4) and chemically fixed samples ([Fig. 9](#fig9){ref-type="fig"}, panels 1 and 2) were seen to accumulate as large clusters adjacent to or occasionally at some distance from the Golgi stack. Sometimes, DVs within these clusters even seem to fuse. Interestingly, wortmannin also seems to induce a massive fusion of electron-opaque vesicles with the plasma membrane (PM) in both 16 DAF and 12 DAF cotyledons ([Fig. 10](#fig10){ref-type="fig"}, panels 1--4).

![IEM analysis of Golgi and dense vesicles (DVs) in wortmannin-treated 16 DAF developing mung bean seeds. Developing mung bean cotyledons at 16 DAF were first treated with wortmannin, followed by high-pressure frozen/freeze-substitution (HPF) and IEM labelling using 8S globulin antibodies as indicated. Shown are representative examples of the Golgi and DVs in these wortmannin-treated cells. Scale bars=500 nm.](jexboterr366f08_ht){#fig8}

![Ultrastructural analysis of dense vesicles (DVs) in wortmannin-treated 16 DAF developing mung bean seeds. Developing mung bean cotyledons at 16 DAF were collected and treated with wortmannin then chemically fixed and embedded in Spurr's resin for EM observations. Panels 1 and 2 show examples of aggregation/clustering of DVs. Arrows indicate examples of possible fusion of DVs. DAF, days after flowering. Scale bars=500 nm.](jexboterr366f09_ht){#fig9}

![Ultrastructural analysis of the fusion profiles between dense vesicles (DVs) and plasma membrane (PM) in wortmannin-treated developing mung bean seeds. Developing mung bean cotyledons at 16 DAF and 12 DAF were treated with wortmannin then chemically fixed and embedded in Spurr's resin for EM observations. Panels 1--4 show examples of possible fusion profiles between DVs and the PM. Arrows indicate examples of possible DV--PM fusions. DAF, days after flowering. Scale bars=500 nm.](jexboterr366f10_ht){#fig10}

An IEM study with 8S globulin antibodies was carried out in both wortmannin-treated and untreated developing mung bean cotyledons, to characterize further the DVs and the secretory vesicles. As shown in [Fig. 11](#fig11){ref-type="fig"}, similar to previous observations ([Fig. 10](#fig10){ref-type="fig"}), in wortmannin-treated samples the 8S globulin was secreted via electron-opaque vesicles fused with the PM into the cell wall ([Fig. 11A](#fig11){ref-type="fig"}, panels 2, 4 and 6). Such structures were never seen in untreated samples ([Fig. 11A](#fig11){ref-type="fig"}, panels 1, 3, and 5). With an average diameter of 205 nm these vesicles in wortmannin-treated samples are clearly larger than the DVs in untreated samples which have a diameter of ∼103 nm ([Fig. 11A](#fig11){ref-type="fig"}, panels 1--6, 11B).

![ImmunoEM study of DV profiles in wortmannin-treated versus untreated developing mung bean cotyledons. Developing mung bean cotyledons were treated or untreated with wortmannin as indicated, followed by sample preparation for immunoEM labelling with anti-8S globulin antibodies and TEM observations. (A) Ultrathin sections were labelled with anti-8S globulin for immunogold study. Panels 1, 3, and 5 show examples of PM and Golgi/DVs in untreated control samples, whereas panels 2, 4, and 6 show examples of PM--DV fusion and DV aggregation/fusion in wortmannin-treated samples. Arrows indicate examples of possible DV--PM fusions (panels 2 and 4) or DV fusion/aggregation (panel 6) in wortmannin-treated samples. Scale bar=500 nm. (B) Analysis of average diameter size of DVs (in nm) in wortmannin-treated versus untreated developing mung bean cotyledons.](jexboterr366f11_ht){#fig11}

Discussion
==========

The DV pathway for sorting and transport of storage proteins
------------------------------------------------------------

Several reports have stressed the role of aggregation for the formation of DVs. [@bib40] have demonstrated that homotypic aggregation of phaseolin may already occur in the lumen of the ER. [@bib56] have shown that binding of storage proteins to endomembranes from pea cotyledons requires the presence of a second, still unknown, soluble protein. Shortly afterwards or even perhaps concomittant with their binding to endomembranes, the storage proteins form larger heterotypic aggregates, which appear to serve as aggregation nuclei for the capture of globulins. These complexes are then somehow transported laterally into nascent DVs where further aggregation takes place. Binding and aggregation are pH dependent, being optimal at slightly acidic pH (as discussed in [@bib56]). Presumably due to the sequential expression of the different globulins, in pea the cargo of DVs shows a stratified appearance ([@bib64]).

The results presented in this report indicate that in early stages of embryo development 8S globulins are sorted into the PSV independently of the formation of DVs, and that formation of DVs correlates with an increased amount of storage proteins present in the Golgi apparatus.

A similar effect has been discussed for the sorting of endogenous aleurain in developing cotyledons of *A. thaliana* ([@bib12]). Aleurain, a vacuolar protease bearing a sequence-specfic vacuolar sorting determinant (ssVSD), and thus normally being used as a classical non-DV transport marker, becomes accidentally trapped in DVs by the bulk flow of the storage proteins in later stages of seed development.

These results strongly suggest that the formation of DVs seems to be a passive, aggregation-driven process with low specificity. Furthermore, these results also indicate that the formation of DVs may not be a prerequisite for the sorting of storage proteins into the emerging PSV. In the light of these results, the function of receptors for the formation of DVs might also be called into question, as already discussed by [@bib56]. Although the formation of DVs at the *cis*-half of the stack clearly precedes the recruitment of VSRs into DVs at the *trans*-Golgi and early endosome, storage proteins do show a partial missorting into the PM in VSR deletion mutants ([@bib49]; [@bib12]; Hunter *et al.*, 2008, [@bib66]). This apparent discrepancy may now be explained by the observation that the sorting of storage proteins may switch from a more receptor-mediated to a more aggregation-driven mode in later stages of seed development. The signal in the cell wall, which was detected during the analysis of the mutants, resembles the total amount of accumulated protein being secreted over the whole period of seed development without any resolution in time. The effect observed, therefore, may be largely due to a mistargeting of storage proteins in early stages of seed development in which there are no DVs present.

The presence of two alternative, functionally distinct populations of late endosomes
------------------------------------------------------------------------------------

The assumption that in later stages of seed development a second, aggregation-driven sorting mechanism takes over the transport of vacuolar proteins is further supported by the effect of wortmannin. This drug is a specific inhibitor of the PI 3-kinase, an enzyme involved in several essential steps of vacuole biogenesis: autophagy, retromer-mediated cargo receptor recycling from endosomes, and the formation of the internal vesicles of the MVB (Lam *et al.*, 2007*a*, *b*, 2009). The inhibition of PI 3-kinase by wortmannin leads to a swelling of the MVB: in mammalian cells and in yeast, it has been discussed that this effect may be due to an inhibition of retrograde transport leading to an accumulation of surplus membrane from the anterograde vesicles. In plants, a swelling of the PVC also occurs but apparently due to a wortmannin-induced fusion of MVBs, in combination with a block on the internalization of membranes into the MVB (Wang *et al.*, 2009*a*).

In this report, a differential effect of the drug wortmannin on the organelles of the post-Golgi secretory pathway of developing mung bean cotyledons is described. Whereas in 8 DAF cotyledons the MVBs swell after wortmannin treatment, the MVBs in 16 DAF cotyledons did not.

It was not possible to test for a possible inhibitory effect of wortmannin on the transport of the 8S globulin into the vacuole in the mung bean cotyledons. A heterologous transgenic transport assay was not carried out because the observed wortmannin effect has not been observed in any other tissue, and the results obtained would not necessarily reflect the *in situ* physiological situation (as discussed in [@bib46]). Nevertheless, the observed large accumulations of DVs, together with the observation of slightly larger electron-opaque vesicles fusing with the PM, might indicate that there may indeed be an additional and different effect of wortmannin on the transport of storage proteins into the PSV.

Vacuolar storage proteins may bear one or several of at least three different vacuolar sorting determinants (VSDs): a C-terminal VSD (ctVSD), a sequence-specific VSD (ssVSD), and a protein structure-dependent VSD (psVSD) ([@bib55]). The VSD of mung bean 8S globulin is not known. There are several reports about differential effects of wortmannin on the sorting of proteins with distinct VSDs. [@bib30] showed that wortmannin leads to a secretion of barley (*Hordeum vulgare*) lectin, a protein with a ctVSD, whereas sporamin, a protein bearing a ssVSD, was not secreted. This was later confirmed by [@bib21] who showed that whereas the sorting of a molecular transport marker bearing a ctVSD was inhibited, the sorting of the same molecular transport marker bearing a ssVSD was not. In contrast, daSilva *et al.* (2005) clearly demonstrated the wortmannin-induced secretion of a protein bearing an ssVSD, although they did not follow the targeting of a ctVSD protein in their investigation. Finally, Utsumi and co-workers ([@bib29]) investigated the sorting of soybean glycinin, a protein bearing a distinct VSD. Although they did not show secretion of the storage proteins, sorting of the proteins into the PSV was blocked and the proteins appeared to be trapped in ill-defined post-Golgi compartments. These punctate compartments could be the DV agglomerations, as reported here.

Because wortmannin inhibits PI 3-kinase, Maruyama speculated that there must exist some lipid PI 3-kinase-dependent phosphorylation reaction prior to the fusion of the DV with the MVB which is unique to the DV-mediated transport of storage proteins ([@bib29]). According to the present results, this reaction may be involved directly in the fusion of DVs with MVBs and, because anterograde transport is blocked before DV fusion, this pre-MVB block may in turn explain why the MVBs in later stages do not swell; that is, there is simply not enough membrane available to do so.

The inhibitory effect of wortmannin on the transport into the lytic vacuole is often explained to be due to a depletion of receptors at the TGN ([@bib8]). This causes the proteins to be redirected into the bulk flow pathway and to become secreted. In the case of seeds, however, the storage proteins continue to exit the Golgi but are not secreted, instead they accumulate within the cell in some kind of wortmannin-induced DV compartment.

Supplementary data
==================

[Supplementary data](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err366/-/DC1) are available at *JXB* online.

[**Figure S1**](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err366/-/DC1). IEM analysis of wortmannin-induced enlarged MVBs/PVCs of 8 DAF developing mung bean cotyledons using anti-VSR and anti-8S globulin as indicated.

[**Figure S2**](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err366/-/DC1). IEM analysis of MVBs/PVCs in developing mung bean (8 DAF and 16 DAF) and *Arabidopsis* (12 DAF) seeds using anti-VSRat-1 antibody as indicated.
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